The effects of the stoichiometry of the Si-rich oxide (SRO) layer, O/Si ratio, on the structural and optical properties of SRO/SiO 2 multilayer films were investigated in this work. SRO/SiO 2 multilayer films with different O/Si ratios were grown by a co-sputtering technique, and Si quantum dots (QDs) were formed with post-deposition annealing. By transmission electron microscopy (TEM) and glancing incidence x-ray diffraction (GIXRD), it was found that the Si QD size decreases with increases in O/Si ratio. The photoluminescence (PL) spectrum varies with the O/Si ratio in band position, shape and intensity. In addition, it was observed that the absorption edge blue-shifts with increases in the O/Si ratio. The change in the absorption edge is consistent with strengthening quantum confinement effects in Si QDs, as indicated by TEM and GIXRD. The optical properties were also investigated by 2D photoluminescence excitation (2D-PLE) and lifetime measurements. The origin of emission and absorption is discussed based on the absorption, PL, 2D-PLE and decay time measurements.
Introduction
Silicon quantum dot (Si QD) materials have attracted extensive studies since efficient visible photoluminescence from Si QDs was discovered. Their properties are highly dependent on the dot size due to quantum confinement effects, which allow unique applications in the fields of optoelectronics [1, 2] , semiconductor memories [3, 4] and photovoltaics [5] . The nano-sized silicon particles embedded in an oxide matrix are one of the most promising candidates for the development of integrated optoelectronics and photonics compatible with standard integration technology for Si microelectronics [6, 7] . This is because of the excellent confinement provided by the oxide matrix [8] [9] [10] . Si QDs embedded in an oxide matrix have also been demonstrated as a good candidate for Si QDbased 'all-Si' tandem solar cells [11] .
The Si QD-based 'all-Si' tandem solar cell is based on stacking several Si solar cells with different bandgaps. The cell with the highest bandgap is on the top and that with the lowest is on the bottom. Such a structure allows absorbing the incident photons more efficiently. By controlling the particle size, the confinement potential can be modified and consequently the energy bandgap can be tuned. To implement such a concept, the control of the size and density of the Si QDs is mandatory. The desired size and narrow size distribution is necessary to produce a cell with a particular bandgap energy. The high Si QD density is essential for a good conducting film. The reason is that for a nanostructure to have a high conductivity requires overlap of the wavefunction for adjacent QDs. This in turn requires either close spacing between QDs or a low barrier height. For the SiO 2 dielectric material in our case, it is suggested that the space between the Si QDs should be no more than 1-2 nm for a reasonable overlap of the wavefunction and hence of conductivity [12] .
Various techniques have been reported for synthesizing Si QDs embedded in an oxide matrix.
The widelyused techniques include plasma-enhanced chemical vapour deposition (PECVD) [7, 13] , ion implantation [14, 15] , and magnetron sputtering [10, 16] . The most common method to form Si QDs entails deposition of a thick Si-rich oxide (SRO (SiO x , x < 2)) monolayer. High temperature annealing causes a phase separation of SiO x into Si and SiO 2 , and subsequent crystallization to form Si QDs. In addition to the annealing temperature and time, the chemical stoichiometry of the SiO x is widely regarded as a main parameter to control the QD size. By increasing x, i.e. reducing the amount of Si, the QD size can be reduced. However, the density of the Si QDs is reduced simultaneously. It was demonstrated that formation of Si QDs with an average size of 3 nm from a SRO monolayer requires a stoichiometry x in the range of 1.4-1.6, which places a severe restraint on the density of the QDs [17] . In addition, the SRO monolayer approach results in a substantial variation in QD size. For the application of QDs in 'all-Si' tandem solar cells, fine size and density control of the QDs is required. To achieve this, Zacharias et al suggested a SRO/SiO 2 multilayer approach to form Si QDs [18] . As in the case of the SRO monolayer structure, Si QDs in a SRO/SiO 2 multilayer structure can be created upon annealing. However, in this multilayer structure, the Si QDs are confined between the SiO 2 layers. This leads to the suggestion that the Si QD size can be controlled independently by the SRO layer thickness, whereas the density of the QDs can be adjusted by the SRO layer stoichiometry. It has been demonstrated that the QD size can be controlled by adjusting the SRO thickness as was determined using photoluminescence (PL) and transmission electron microscopy (TEM) [18, 19] . Considering the strong dependence of both the density of Si QDs formed as a SRO/SiO 2 multilayer and the size of nanocrystals formed as a SRO monolayer on the SRO stoichiometry, it is necessary to investigate how the value x of the SiO x layer influences the properties of the SiO x /SiO 2 multilayer film.
In this paper, we present our studies on the effect of the stoichiometry x (O/Si ratio) of the SRO layer in SRO/SiO 2 multilayer films on their structural and optical properties. The films were deposited by a magnetron co-sputtering technique using a combination of Si and quartz (SiO 2 ) targets. Structural properties were investigated with TEM and glancing incidence x-ray diffraction (GIXRD). Optical characterization was investigated by UV-visible absorption, photoluminescence (PL), and photoluminescence excitation (PLE). It was found that the stoichiometry x has an influence on the Si QD size in annealed SRO/SiO 2 multilayer films, as well as the optical properties of the films.
Experimental details
Alternating layers of SRO and SiO 2 were synthesized by using a computer-controlled AJA ATC-2200 sputtering system at room temperature. A radio frequency (rf) power supply was connected to a SiO 2 target (4 inch), and a dc supply was connected to a Si target (4 inch). SRO was deposited by cosputtering of Si and SiO 2 targets, while SiO 2 was deposited by sputtering the SiO 2 target only. Both Si wafer and quartz substrates were used for different characterization purposes. The substrates were cleaned with piranha cleaning solution (3:1 H 2 SO 4 :H 2 O 2 ) and then rinsed in de-ionized water. A dilute HF dip (5%) was performed only for the Si substrates to remove the surface native oxide. After being blown dry with nitrogen, the substrates were immediately loaded into the load-lock chamber of the sputtering system then transferred to the deposition chamber. Upon achieving a base pressure of 5 × 10 −7 Torr, Ar was introduced into the chamber for a working gas pressure of 1.5 mTorr, which was maintained throughout the whole deposition. The stoichiometry x (O/Si atomic ratio) was controlled by adjusting the power applied to the Si and SiO 2 targets, respectively. SRO/SiO 2 multilayer films with different O/Si ratios in the SRO layers were synthesized. Each film consisted of 15 SRO/SiO 2 bi-layers. Individual SRO layers and SiO 2 layers in all samples were around 4 nm and 6 nm in thickness, respectively. The thicknesses of SRO layers and SiO 2 layers were deduced from deposition rates determined by both TEM and x-ray reflectivity (XRR). For all films, a 10 nm SiO 2 capping layer was deposited on the top to avoid oxidization during high temperature annealing. All samples with various O/Si ratios were annealed in a conventional quartz-tube furnace in a nitrogen atmosphere at a temperature of 1100
• C for 1 h to form Si QDs. In order to determine the chemical composition, O/Si ratio of the SRO layers in each film, thick SRO monolayers around 120 nm in thickness were prepared on Si substrates under the same experimental conditions as those SRO layers in the 15 SRO/SiO 2 bi-layer films. The x value (O/Si ratio) of each SiO x (SRO) monolayer was determined by x-ray photoelectron spectroscopy (XPS) (Fisons ESCALAB 220i-XL) to be around 0.86, 1.00, and 1.30, respectively. In this paper, the SiO x /SiO 2 multilayer films are denoted as SiO 0.86 /SiO 2 , SiO 1.00 /SiO 2 , SiO 1.30 /SiO 2 .
Results and discussion

Structural properties
The Si QD films were investigated by TEM using a Philips CM200 TEM with an accelerating voltage of 200 kV. The TEM specimens were prepared by a small angle cleavage technique [20] . size dispersion and it is insufficient for a quantitative picture of the system, the average size is quite predictable in all of the samples observed. It is shown in the TEM images that the average QD size decreases as the O/Si ratio is increased from 0.86 to 1.30. This is consistent with previous reports that a higher oxygen content leads to a reduction in nanocrystal size in SRO monolayers [21] [22] [23] . In addition, only a few nanocrystallites were observed in the SiO 1.30 /SiO 2 multilayer film. This is in agreement with the expectation that the density of Si QDs decreases as x increases. It should be noticed that only crystals having the particular orientations with respect to the incident electron beam can be seen by their lattice fringes. Moreover, the phase contrast of Si and SiO 2 is weak. Exact nanocrystal density is therefore difficult to obtain from TEM. We have previously demonstrated that a SiO 1.30 monolayer 120 nm in thickness exhibits Si QDs with a size of 3.5 ± 0.34 nm under the same annealing conditions (1100 • C, 1 h) [24] . The average Si QD size is much smaller in multilayer structure than in the monolayer structure. It has been reported that ultrathin a-Si:H layers do not easily crystallize and an increased crystallization temperature is necessary as the Si layer thickness decreases [25] . Therefore, the reduced Si QD size in multilayer structures is expected. Additional structural information was obtained by GIXRD (Philips X'Pert Pro) using Cu Kα radiation (λ = 0.154 nm), operating at a voltage of 45 kV and a current of 40 mA. The primary optics were defined by a 1/16
• divergent slit in front of a parabolic mirror. The secondary optics consisted of a parallel-plate collimator of 0.27
• acceptance and a solar slit of 0.04 rad aperture. The glancing angle between the incident xray beam and the sample surface was set at 0.26
• . 2θ scans were performed. Figure 2 shows the x-ray diffractograms of annealed multilayer films. Four peaks centred at 21.0
• , 28.4
• , 47.4
• and 56.3
• are attributable to an amorphous SiO 2 phase, Si(111), Si(220), and Si(311) Bragg peaks, respectively. These diffraction peaks indicate that crystalline Si precipitates are formed upon annealing. Compared with SiO 0.86 /SiO 2 and SiO 1.00 /SiO 2 , SiO 1.30 /SiO 2 exhibits a less pronounced and evidently broader diffraction peak. Since only crystallized Si contributes to the diffraction peak, the broad Bragg peaks are due to the small QD size and/or non-uniform size distribution. The reduced integral intensity of the diffraction peak (area of diffraction peak) decreases when the O/Si ratio is increased from 0.86 to 1.30, probably resulting from the reduced overall Si crystallite content. This indicates that the density of Si QDs is decreasing with increases in the O/Si ratio. The volumeaverage nanocrystal size L was estimated by using the Scherrer formula [26] .
where λ is the x-ray wavelength, 2θ is the Bragg diffraction angle, and K is a constant correction factor depending on the specific shape and size distribution of the crystalline clusters, and on the specific crystallographic direction of the diffracting planes. The K value for the (111) diffraction peak is close to 0.9 for many different crystalline cluster shapes and sizes [27] . 2θ is the integral breadth of the Bragg peak in radians. The breadth is defined as:
where η is a number adopted as 0.5 in this paper that weights the relative contribution of Lorentzian and Gaussian components. If assuming a spherical shape for nanocrystals, the average diameter of Si nanocrystals is 4/3L [28] . Figure 3 shows the average Si QD diameter as a function of O/Si ratio deduced in this way. The QD diameter increases with decreases in the O/Si ratio. The Si QD diameter is around 4 nm in SiO 0.86 /SiO 2 , which decreases to around 3 nm in SiO 1.00 /SiO 2 , to around 2.5 nm in SiO 1.30 /SiO 2 . These QD diameters estimated from GIXRD are in reasonable agreement with those observed by TEM.
Optical properties
Based on the structural results it is expected that quantum confinement effects (QCEs) would influence the optical properties of the investigated films, since most of the QDs in samples have sizes below the excitonic Bohr radii for silicon (∼5 nm). The occurrence of these effects will (i) change the selection rules for optical transitions, giving rise to visible emission from Si QDs, (ii) change the absorption/emission band position (blue-shift with the size reduction), and (iii) reduce the radiative life time when the QD size is reduced. Interpretation of the experimental data is made more difficult however by the fact that the changes in the O/Si ratio may not only change the QD size, but also change their density, size distribution [18] , phase (amorphous/crystalline) [7] and surface properties (Si/SiO 2 or Si/SiO x interface). In this paper we will discus the influence of the O/Si ratio on the optical properties of Si QDs formed as multilayers in a SiO 2 matrix.
As a first step, the absorption properties of the structures have been investigated by measuring the transmission and reflection for the samples deposited onto quartz measured by a UV-NIR spectrophotometer (Ocean Optics HR4000) coupled to an optical fibre system and a deuterium-halogen lamp. The effective absorption coefficient (α eff ) has been calculated according to the equation below, assuming multiple reflections inside the multilayer sample
where T , R and d are transmittance, reflectance and the effective film thickness for the whole structure (∼160 nm), respectively. Figure 4 shows α eff for the various multilayer films. First of all, from figure 4 it can be seen that the absorption spectra strongly depend on the O/Si ratio and the absorption edge is blue-shifted when the O/Si ratio increases which is in agreement with the QCE predictions. To get more quantitative information about this shift, the absorption edge has been estimated based on the Tauc formula (equation below), assuming both direct and indirect absorption.
where h is Planck's constant, v is frequency, E opt g is the optical absorption edge (optical bandgap), and n is 0.5 for an indirect absorption edge and 2 for a direct absorption edge, for bulk unconfined material. With increases in the O/Si ratio from 0.86 to 1.30 the absorption edge increases, and for n = 0.5 is equal to 1.98, 2.07 and 2.35 eV, respectively, while for n = 2 it is 3.75, 4.35 and 4.66 eV, respectively. Collected data are presented in the inset in figure 4 . Similar results have been obtained for Si QDs fabricated by another technique [29] .
Moreover, a more gradual increase in the absorption tail with increasing photon energy occurs in figure 4 for O/Si = 1.00 and 1.30, as compared to the case of O/Si = 0.86. This effect can be due to the fact that for O/Si = 1.30 (1.00) most probably we deal not only with crystalline but with many small amorphous QDs characterized by the long tail of density of states [30] .
Thus, the obtained absorption data are consistent with the general perception of QCEs in Si QDs, since a blueshift correlates with the general trend of QD size reduction as determined by TEM and GIXRD.
Admittedly the optical data obtained have some interpretation limits. First of all, the measured absorption is in our case an effective value, since the optical response comes from the whole multilayer structure (SiO 2 , SiO x , both emitting and dark Si QDs). Moreover, during the absorption, (1) many different effects (scattering, interferences) can modify the absorption edge [31] influencing the absorption edge energy estimation, (2) it is not clear that the obtained absorption edge is related to emitting QDs, and (3) the theoretical approach (equation (4)) which has been used to estimate these energies is strictly valid for bulk materials. The Tauc method assumes parabolic distributions of the densities of energy states in the valence and conduction bands and thus is valid if the parabolic approximation is good, whereas for a QD the density of states should show non-parabolic behaviour as dot size reduces. All of these effects can explain a small value of the absorption edge shift when Si QDs are reduced from 4 down to 2.5 nm as compared to theoretical predictions [32, 33] .
The influence of the O/Si ratio on the emission properties of Si QDs/SiO 2 multilayers has also been analysed. The PL spectra for all samples have been obtained at 266 nm (∼1 W cm −2 ) and 365 nm (∼0.1 W cm −2 ) excitation wavelengths and are shown in figure 5 . The spectra were not corrected for the set-up characteristic since only the relative emission properties have been analysed in this work. The main emission band appears at ∼1.55 eV. Besides this band, an additional emission band can be observed at ∼2.50 eV which is related to recombination through the defect states in the SiO 2 /SiO x shell which surrounds the Si QDs. A similar emission band has already been observed and discussed in more detail elsewhere [34] . For this reason, the emission band at ∼2.50 eV will not be discussed here, suffice to mention that the intensity of this band is two orders of magnitude lower compared to the main Si QD related emission band.
From figure 5 it can be seen that the PL spectrum varies with the O/Si ratio both in band position and intensity. A blueshift of the PL peak position with increasing stoichiometry of the SiO x layer has already been reported [19] . It was suggested however, that the shift is associated with the tolerance of the layer thickness control rather than with the O/Si ratio. In this case a decrease in the PL intensity with an increase in stoichiometry x of the SiO x layers has been observed. The thickness of the SRO layers is the same for all samples and the increase in PL intensity occurs at the same time the density of QDs decreases. Thus, it appears that the PL intensity increase is mostly due to an increase in oscillator strength with the QD size reduction, as opposed to an increase in the number of radiative centres.
Moreover, from figure 5, it can be seen that the broadness of the emission band varies also from sample to sample. This effect may be associated with the fact that the QD size distribution changes with the O/Si ratio. This should be reflected both as a change in the FWHM as well in the PL peak position [35, 36] .
The emission band position does not follow the QCE predictions since it is red-shifted when the O/Si ratio is reduced from 1.30 down to 1.00, while for a O/Si ratio of 0.86 the emission band is strongly blue-shifted. This can be clearly observed from the inset of figure 5 . The same trend in PL peak position with the O/Si ratio has been observed for different excitation wavelengths (266, 365 and 532 nm) and different excitation powers (from less than 0.1-10 W cm −2 ). This deviation from QCEs for the sample with O/Si = 0.86 can be explained by the fact that properties besides QD size such as QD crystallinity, play an important role in emission properties. For example it has been shown by Allan et al [30] that for amorphous Si clusters we deal with three different cases: (1) delocalized states experiencing the full confinement effects as for crystalline QDs, (2) strongly localized states with extension in space much smaller than the cluster diameter and energies deep in the gap sensitive to passivation, insensitive to confinement effects, and showing no blue-shift and (3) weakly localized states with extension in space of the order of the cluster diameter and energies near the gap limits, subject to an intermediate blue-shift.
To shed more light on the results obtained so far, PLE measurement should be done which is another absorptiontype experiment but with a strong correlation to emitted QD properties. However, it was found that the PL peak position depends on the excitation wavelength and the excitation power density, which influences the obtained PLE results. With this point in mind, 2D-PLE spectra were measured at room temperature. For each excitation wavelength: (1) the integrated PL emission band was recorded giving a figure averaged over wavelength and hence the size distribution response and (2) the PL intensity at the energy corresponding to the actual PL peak position was recorded. Both of these results showed the same dependence on the O/Si ratio. As an excitation source, a 450 W xenon lamp combined with a Jobin Yvon Triax 180 monochromator has been used and obtained data corrected by the lamp characteristic.
The 2D-PLE spectra were measured for the films deposited on both quartz and Si wafers to get the information about the influence of the O/Si ratio on the main excitation channel responsible for the observed emission. Figure 6 shows the 2D-PLE spectra obtained for annealed SiO x /SiO 2 multilayer films with various O/Si ratios.
From figure 6 it can be seen that all samples are characterized by a strong excitation band centred at ∼4 eV (∼310 nm). First of all, it has been found that the excitation band is slightly blue-shifted (up to ∼200 meV) when the O/Si ratio increases only for multilayer films deposited onto quartz, while for multilayer films deposited onto silicon it does not change at all. Additionally, a strong (∼2.5 eV) Stokes shift can be observed for all samples. The inset in figure 6 shows the PL emission band position (maximum) dependence on the excitation wavelengths. Such a dependence indicates that the QCEs are involved in the emission properties of the samples, and suggests that this band may be composed of many emission processes corresponding to the QDs with different sizes. The emission peak is likely centred at the energy corresponding to the dominant size of the optically active QDs. This result also demonstrates that only when the light above ∼4.0 eV is used for the excitation, the whole size distribution of QDs is excited and emission peak position is relatively insensitive to the excitation energy. Moreover, from this inset it can be seen that the order of PL peak position versus O/Si ratio discussed previously is the same for all excitation wavelengths.
PL decay time measurements were conducted with a 365 nm excitation wavelength. This was achieved using a PTI QM-3 spectrometer with a gated PMT detector and a pulsed xenon lamp together with an interference filter as an excitation source. All data have been deconvoluted and fitted by a two exponential function model. The use of a stretch exponential function model for fitting the data has been found to be less valid statistically. Figure 7 shows the results obtained in this way.
As can be seen from figure 7, observed emission is characterized by two main processes: fast process (τ 1 ) and The existence of two recombination processes (slow process >100 μs and fast process >100 ns) in Si QDs has already been reported by other authors [36, 37] . In their case the fast process was much faster than that in the present case. Moreover, as can be seen from the inset in figure 7 the decay times are almost constant for samples with the O/Si ratio equal to 1.30 and 1.00 deposited onto silicon (empty circles). The decay time decreases strongly for O/Si = 0.86. Based on the obtained results, it is suggested that the nature of the recombination centre responsible for the observed emission in the case of O/Si = 0.86 is different from that in the case of the samples with O/Si = 1.00 and 1.30. On the other hand, similarities in PL, 2D-PLE and decay time measurements for these two samples suggest that the recombination centres in the samples with O/Si = 1.00 and 1.30 are very similar. Thus, contrary to absorption properties, it seems that the emission properties of the multilayers are not dominated by the confinement effects only, and more effects are involved in these process modifications.
There could be many different explanations for this result. One possible explanation is proposed here, schematically presented in figure 8 . In the case of the samples with O/Si = 1.00 and 1.30, the emission properties could be determined by the small amorphous clusters with the long tails of density of states [30] , observed also in the absorption spectra, giving a strongly red-shifted emission band position as compared to QCE predictions for crystalline QDs. For this reason, the blue-shift observed in the PL spectra is only marginal. Moreover, these samples are characterized by the long recombination times as compared to the sample with O/Si = 0.86. Allan et al [30] have shown that the radiative lifetimes are comparable to crystalline QDs only for very small size (∼1 nm) and become two orders of magnitude larger for the larger (2.2 nm) a-Si:H clusters than for their crystalline counterparts. Thus, if some Si clusters obtained with O/Si = 1.00 and 1.30 are amorphous, the expected decay time should be much longer than for crystalline QDs, even if the size of the crystalline QDs is bigger than for amorphous clusters.
The absorption edge for all of these samples will be determined by the changes in the energetic position of the maximum of density of states, which should also be size dependent for amorphous clusters. However, in this case, the changes in the absorption edge position versus QD size will be much less evident due to the smooth density of states and wide size distribution of amorphous Si clusters. This effect is especially visible in 2D-PLE spectra which are almost QD size independent. On the other hand, when the O/Si ratio is equal to 0.86 we deal with mostly crystalline Si QDs for which the recombination lifetime is shorter (as compared to amorphous clusters) and the emission peak position will be consistent with quantum confinement effect predictions. For example, it has been predicted for Si QDs with a size of 4 nm that the bandgap energy will be ∼1.7 eV, which is quite close to the emission peak position of 1.55 eV obtained in this work [32, 33] . The mechanism of the PL is complicated in the QD system. Further investigation needs to be carried out to explore this issue. • The size of Si QDs formed as SRO/SiO 2 multilayers in an oxide matrix increases as the O/Si ratio of the SRO layer decreases.
Conclusions
• Optical absorption depends on the O/Si ratio and the absorption edge is blue-shifted as the O/Si ratio increases. This is consistent with the general perception of quantum confinement effects in Si since the size variation with the O/Si ratio has been demonstrated by TEM and GIXRD. In addition, this effect is also observed in the case of the 2D-PLE signal when changing the O/Si ratio from 0.86 to 1.30. This indicates that the optical bandgap of Si QDs formed as multilayers can be tuned by SRO stoichiometry.
• The PL spectrum varies with the O/Si ratio both in band position and intensity. The PL intensity increases with the O/Si ratio of the SRO. This PL intensity variation is probably due to an increase in oscillator strength as the QD size falls. The position and the shape of the emission band depends on the excitation wavelength. This effect is most probably related to a QD size distribution. The emission band position does not completely follow the quantum confinement effect predictions. Contrary to absorption properties, the emission properties of the multilayers apparently are not dominated by the quantum confinement effects only, and more effects appear to be involved.
• The results suggest that the nature of the dominant recombination centre in the sample with O/Si = 0.86 is different from that in the samples with O/Si = 1.00 and 1.30. Similarities in PL, 2D-PLE and decay time measurements for the latter two films suggest that the recombination centre in the samples with O/Si = 1.00 and 1.30 is very similar.
